This paper discusses the role that computational fluid dynamics plays in the design of aircraft. An overview of the design process is provided, covering some of the typical decisions that a design team addresses within a multi-disciplinary environment. On a very regular basis trade-offs between disciplines have to be made where a set of conflicting requirements exists. Within an aircraft development project, we focus on the aerodynamic design problem and review how this process has been advanced, first with the improving capabilities of traditional computational fluid dynamics analyses, and then with aerodynamic optimizations based on these increasingly accurate methods.
INTRODUCTION
This paper discusses the role that computational fluid dynamics plays in the design of aircraft. An overview of the design process is provided, covering some of the typical decisions that a design team addresses within a multi-disciplinary environment. On a very regular basis trade-offs between disciplines have to be made where a set of conflicting requirements exists. Within an aircraft development project, we focus on the aerodynamic design problem and review how this process has been advanced, first with the improving capabilities of traditional computational fluid dynamics analyses, and then with aerodynamic optimizations based on these increasingly accurate methods.
While aerodynamic prediction methods based CFD are now well established, and quite accurate and robust, the ultimate need in the design process is to find the optimum shape which maximizes the aerodynamic performance. One way to approach this objective is to view it as a control problem, in which the wing is treated as a device which controls the flow to produce lift with minimum drag, while meeting other requirements such as low structure weight, sufficient fuel volume, and stability and control constrains. Here we apply the theory of optimal control of systems governed by partial differential equations with boundary control, in this case through changing the shape of the boundary. Using this theory, we can find the Frechet derivative (infinitely dimensional gradient) of the cost function with respect to the shape by solving an adjoint problem, and then we can make an improvement by making a modification in a descent direction. For example, the cost function might be the drag coefficient at a fixed lift, or the lift to drag ratio. During the last decade, this method has been intensively developed, and has proved to be very effective for improving wing section shapes for fixed wing planform [1] [2] [3] [4] [5] [6] [7] [8] .
ABSTRACT FORMULATION OF THE ADJOINT AP-PROACH TO OPTIMAL DESIGN
The aerodynamic properties which define the cost function are functions of the flow-field variables, w, and the physical location of the boundary, which may be represented by the function, F , say. Then
and a change in F results in a change
in the cost function. Using control theory, the governing equations of the flow field are introduced as a constraint in such a way that the final expression for the gradient does not require reevaluation of the flow-field. In order to achieve this, δw must be eliminated from Eq. (1). Suppose that the governing equation R which expresses the dependence of w and F within the flow field domain D can be written as
Then δw is determined from the equation
Next, introducing a Lagrange Multiplier ψ, we have
which can be rearranged as
Choosing ψ to satisfy the adjoint equation
the first term is eliminated and we find that
where
In this way the gradient with respect to the shape is obtained at the cost of one flow and one adjoint solution.
After taking a step in the negative gradient direction, the gradient is recalculated and the process is repeated to follow the path of steepest descent until a minimum is reached. In order to avoid violating constraints, such as the minimum acceptable wing thickness, the gradient can be projected into an allowable subspace within which the constraints are satisfied. In order to accelerate the convergence of the descent process the gradient is then smoothed implicitly via a second order differential equation. This is equivalent to redefining the gradient in a Sobolve space. The resulting procedure is very efficient, often yielding the optimum in 10-20 design cycles.
REDESIGN OF THE BOEING 747 WING
Over the last decade the adjoint method has been successfully used to refine a variety of designs for flight at both transonic and supersonic cruising speeds. In the case of transonic flight, it is often possible to produce a shock free flow which eliminates the shock drag by making very small changes, typically no larger than the boundary layer displacement thickness. Consequently viscous effects need to be considered in order to realize the full benefits of the optimization.
Here the optimization of the wing of the Boeing 747-200 is presented to illustrate the kind of benefits that can be obtained. In these calculations the flow was modeled by the Reynolds Averaged Navier-Stokes equations. Figure 1 displays the result of an optimization at a Mach number of 0.86, which is roughly the maximum cruising Mach number attainable by the existing design before the onset of significant drag rise. The lift coefficient of 0.42 is the contribution of the exposed wing. Allowing for the fuselage to total lift coefficient is about 0.47. It can be seen that the redesigned wing is essentially shock free, and the drag coefficient is reduced from 0.01269 (127 counts) to 0.01136 (114 counts). The total drag coefficient of the aircraft at this lift coefficient is around 270 counts, so this would represent a drag reduction of the order of 5 percent. Figure 2 displays the result of an optimization at Mach 0.90. In this case the shock waves are not eliminated, but their strength is significantly weakened, while the drag coefficient is reduced from 0.01819 (182 counts) to 0.01293 (129 counts). Thus the redesigned wing has essentially the same drag at Mach 0.9 as the original wing at Mach 0.86. The Boeing 747 wing could apparently be modified to allow such an increase in the cruising Mach number because it has a higher sweep-back than later designs, and a rather thin wing section with a thickness to chord ratio of 8 percent. Figures 3 and 4 verify that the span loading and thickness were not changed by the redesign, while Figs 5 and 6 indicate the required section changes at 42 percent and 68 percent span stations.
CONCLUSION
The accumulated experience of the last decade suggests that most existing aircraft which cruise at transonic speeds are amenable to a drag reduction of the order of 3 to 5 percent, or an increase in the drag rise Mach number of at least .02. These improvements can be achieved by very small shape modifications, which are too subtle to allow their determination by trial and error methods. The potential economic benefits are substantial, considering the fuel costs of the entire airline fleet. Moreover, if one were to take full advantage of the increase in the lift to drag ratio during the design process, a smaller aircraft could be designed to perform the same task, with consequent further cost reductions. It seems inevitable that some method of this type will provide a basis for aerodynamic designs of the future.
The presentation finishes with some visions for the future. Extrapolating the trends of computer weight and cost, it is interesting to speculate on how the aircraft design environment may evolve in the years to come. Figure 6 . Section geometry at η = 0.68, redesigned Boeing 747 wing at Mach 0.90
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